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Editor: D. BarceloIn several parts of India, groundwater is the only reliable, year round source for drinking water.
Prevention of ﬂuorosis, a chronic disease resulting from excess intake of ﬂuoride, requires the screening of all
groundwater sources for ﬂuoride in endemic areas. In this paper, the authors present a ﬁeld deployable colori-
metric analyzer based on an inexpensive smartphone embedded with digital camera for taking photograph of
the colored solution as well as an easy-ﬁt, and compact sample chamber (Akvo Caddisﬂy). Phones marketed
by different smartphone makers were used. Commercially available zirconium xylenol orange reagent was
used for determining ﬂuoride concentration. A software program was developed to use with the phone for
recording and analyzing the RGB color of the picture. Linear range forﬂuoride estimationwas 0–2mg l−1. Around
200 samples, which consisted of laboratory prepared aswell as ﬁeld samples collected from different locations in
Karnataka, India, were tested with Akvo Caddisﬂy. The results showed a signiﬁcant positive correlation between
Ion Selective Electrode (ISE)method and Akvo Caddisﬂy (Phones A, B and C), with correlation coefﬁcient ranging
between 0.9952 and 1.000. In addition, there was no signiﬁcant difference in the mean ﬂuoride content values
between ISE and Phone B and C except for Phone A. Thus the smartphone method is economical and suited for
groundwater ﬂuoride analysis in the ﬁeld.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
Smartphone
Fluoride
Drinking water
Zirconium Xylenol Orange
Colorimeter
Fluorosis. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Consumption of drinking water with an elevated level of ﬂuoride
leads to a chronic disease, whichmanifests as dental and skeletalﬂuoro-
sis (Ozsvath, 2009). Based on health hazards estimates, the
World Health Organization (WHO) has established a guideline value of
1.5 mg l−1 for ﬂuoride in drinking water (World Health Organization,
Guidelines for Drinking-water Quality, Fourth Edition; 2011). Bureau of
Indian Standards are 1.0mg l−1 as permissible and1.5mg l−1 as themax-
imum permissible limit in the absence of alternate source (Bureau of
Indian Standards, Drinking Water - Speciﬁcation, IS 10500 Second Revi-
sion, 2012). It is estimated that around 200 million people, from among
25 nations, may be affected by ﬂuorosis (Brindha and Elango, 2013). In
India, around 20 states have been identiﬁed as endemic for ﬂuorosis.
More than 25 million people are affected and approximately 66 million
people are at the risk of being affected (Susheela, 1991). Groundwater is
used for potable purposes by over 50% of the global population whereas
in India, it is the drinking water source in ~80% rural and ~50% urban
dwellings (Jadhav et al., 2015). Young children appear most susceptible,
given that dental enamel and skeletal formation is most active during
early childhood (Kravchenko et al., 2014).
Extensively used laboratory methods for determination of ﬂuoride
in water include potentiometry using a ﬂuoride selective electrode
and colorimetry (Eaton et al. “APHA: Standard Methods for the
Examination of Water and Wastewater.” Centennial Edition., APHA,
AWWA,WEF,Washington,DC (2005).). Lattermethods generally use zir-
conium dye complex (SPADNS and Alizarin red) reagents (Bellack and
Schouboe, 1958; Megregian and Maier, 1952). Zolgharnein et al.
(2009) reported the use of Al-xylenol orange complex as a reagent for
determining trace amounts of ﬂuoride in water. Field based methods
(Strip format or liquid reagent) for ﬂuoride determination have also
been developed using Zirconium SPADNS, Zirconium xylenol orange
and aluminum quinalizarine (Barghouthi and Amereih, 2013; Rao
et al., 2002; (http://www.hach.com/pocket-colorimeter-ii-ﬂuoride-
spadns-ii-arsenic-free/product-details?id=7640445206).
Prevention of ﬂuorosis requires the screening of all groundwater
sources for ﬂuoride in endemic ﬂuorosis areas. Further small-scale
deﬂuoridation units are being increasingly used at household or commu-
nity level, which requires periodic monitoring. Laboratory testing of all
sources, especially in rural areas, would require proper sample collection,
preservation and transportation to the laboratory of large number of sam-
ples, which would be time consuming and prohibitively costly. Reliable
ﬁeld testingmethods offer a cost effective solution for themass screening
of sources as it canbe completed in an acceptable time scale. Furthermore,
testing can be performed in the presence of consumers and thus becomes
an important communication tool. Many ﬁeld test kits are commercially
available in India. They include strip formats as well as liquid reagents.
Many of these are based on the colorimetric principle; Fluoride present
in the water sample reacts with the colored reagent leading to the disso-
ciation of a portion of the Zr-dye into a colorless complex anion and the
dye. Decolorization or discoloration or color change is proportional to
the concentration of ﬂuoride in the sample (Bellack and Schouboe,
1958; Megregian and Maier, 1952).however, they generally rely on
color comparators for detecting the change. The results may therefore
be subject to high individual variation. Evaluation of these commercial
kits was carried out by Shriram Institute for Industrial Research in collab-
oration with UNICEF, showed the BARC developed method based on zir-
conium xylenol orange reagent as one of the best. (Rao et al., 2002;
http://www.indiawaterportal.org/sites/indiawaterportal.org/ﬁles/
Field%20Test%20Kits_2nd%20Feb%2006_PRINT.PDF).
Dahi et al. (2004) evaluated Pack test kit marketed by Kyoritsu
Chemical-Check Lab Corporation, Japan, which is based on a Lantha-
num–Alizarin Complexon Visual Colorimetric Method. They concluded
that the Pack test kit, with few limitations taken into consideration, pro-
vides a very handy, rapid and quite reliable tool for decision onwhether
a given water is ﬁt for drinking or not or whether a deﬂuoridator inoperation should be discontinued or not. Thismethod hasmeasurement
range of 0.2–3 ppmwithminimum detection limit of 0.2 ppm. A simple
ﬁeld method for determination of ﬂuoride in drinking water using
handmadeﬂuoride reagent paper impregnated by aluminumquinalizarin
complex was reported by Barghouthi and Amereih (2013). Fluoride
reacts with the impregnated reagent paper to release the free or-
ange dye. The change in the color from pink to orange was pro-
portional to the amount of ﬂuoride and was measured using an
arsenator (Wagtech, UK), which is a portable digital photometer
driven by a battery, blue diode as a source of light, and photodiode
detector. The method gave a reliable determination of ﬂuoride in
the range 0.0–2.0 mg L−1. Hach is marketing a lightweight and bat-
tery operated Pocket Colorimeter™ II for ﬂuoride, suitable for quick,
on-the-spot ﬂuoride monitoring in the ﬁeld. The colorimeter is
precalibrated and thus it can be used only with their SPADNS re-
agent and it has measurement range of 0.1–2 ppm with minimum
detection limit 0.1 ppm.(http://www.hach.com/pocket-colorimeter-
ii-ﬂuoride-spadns-ii-arsenic-free/product-details?id=7640445206).
The analysis cost will therefore be high. Recently (Jyoti Boken et al.,
2015) have demonstrated ﬂuoride selective aggregation of thiobar-
bituric acid-capped gold nanoparticles is rapid, selective and sensi-
tive. This is associated with dramatic color change in an aqueous
solution, which can be used as a method for visual detection.
Smartphones are popular devices frequently equipped with sensi-
tive sensors and high computational ability. According to a recent report
from the World Bank (Bank, W, Information and Communications for
Development, 2012), there are currently more than 6 billion cell
phone subscriptions, with nearly 5 billion in the developing world,
and more than 35 billion apps (App Store and Google Play-Android)
have been downloaded. Extensive research is being focused on the use
of a smartphone as an optical sensing tool for different applications for
monitoring pH (Sicard et al., 2015) metal pollutants (Wei et al., 2014)
and pesticides (Mei et al., 2016) in water. In this study, we report the
development of a testing chamber which can be aligned to the camera
and ﬂash of a smartphone and its application for quantiﬁcation of ﬂuo-
ride using a commercially available ﬁeld test reagent. In addition, the
ﬂuoride concentration of a speciﬁc sample can be logged along with
the location on a publicly accessible map. According to our knowledge,
this is the ﬁrst such report for ﬂuoride analysis. Advantages and draw-
backs of the test kits are given in Table 1. Evaluation of different ﬂuoride
test kits has been carried out by Shriram Institute for Industrial Research
in collaboration with UNICEF (http://www.indiawaterportal.org/sites/
indiawaterportal.org/ﬁles/Field%20Test%20Kits_2nd%20Feb%2006_
PRINT.PDF).
In the designed ﬂuoride assay kit, the smartphone camera is used as
colorimeter which is portable, battery powered and widely available in
the market. This allows accurate testing to be performed inexpensively
on the ﬁeld. Test chamber and reagent capsule is designed to ensure ac-
curate mixing of sample and reagent while being simple enough to be
used by a layman. Android app developed allowsmuch greater accuracy
in the measurement of color as compared to visual judgment. Results
obtained are comparablewith the laboratory based expensive Ion Selec-
tive Electrode method and does not need any technical expertise for in-
terpretation of results.
2. Materials and methods
2.1. Reagents
The ﬁeld ﬂuoride testing kit was purchased from Orbit Technologies
Pvt. Ltd. Hyderabad. Each bottle contains 75 ml of zirconium xylenol
orange reagent. Fluoride estimation is based on the bleaching of zirconi-
um xylenol orange complex and is developed at Bhabha Atomic Research
Centre, India. The kit also provides a color chart of range 0–3 ppm. To per-
form the test, the usermust mix a 4ml water sample and 1ml zirconium
xylenol orange reagent. The color changes from pink to yellow depends
Table 1
Comparison of existing ﬁeld ﬂuoride test kits with Akvo Caddisﬂy.
Sr. no Test kits Advantages Drawbacks
1 Pocket Colorimeter™ II
for ﬂuoride (Hach)
Accurate and on the spot ﬂuoride measurement is possible Costly (~$500), and reagent is not readily available
2 Pack test kit Cheaper (~$82), handy and give instant result Does not give accurate quantitative results.
Based on manual color comparison
3 Akvo Caddisﬂy Accurate, reliable, gives instant quantitative results, less expensive (expected
to retail at $75 without the phone and mapping system), reagent is readily
available in the market. No need of technical expertise
Not compatible with all android phone models
103S. Levin et al. / Science of the Total Environment 551–552 (2016) 101–107on the ﬂuoride concentration in the sample. By comparing the color pro-
ducedwith the color chart, the ﬂuoride content in thewater can be quan-
tiﬁed. However, it is difﬁcult to correctly estimate the concentration due
to human error in visual judgment. Moreover, accurately measuring
liquid quantities is difﬁcult inﬁeld conditions, leading to additional errors.
The ﬂuoride Ion Selective Electrode and the meter (Orion Star A214,
Thermo Scientiﬁc) as well as TISAB-III and Fluoride standard 100 ppm
used for ﬂuoride analysis were purchased from Thermo Scientiﬁc,
USA. Plastic wares were used for the ﬂuoride analysis.
2.2. Field sample collection
The ﬁeld samples were collected from bore wells and dug wells in
various locations across the state of Karnataka. 250–500ml of each sam-
plewas collected inwashed plastic bottles and stored in the laboratory at
room temperature. 123 ﬁeld samples were collected for analysis. Along
with the ﬁeld samples 78 laboratory prepared samples were also tested
in this study. They were prepared by diluting ﬂuoride stock solution
(100 ppm)with double distilledwater. A stock solution of 100 ppmﬂuo-
ride was prepared by using Sodium ﬂuoride AR (SD ﬁne India).
2.3. Smartphone modiﬁcation
The testing apparatus is built around a smartphone running the
Android operating system (Fig 1). Phones marketed by three different
smartphone makers were used. Their speciﬁcations are as follows:Fig. 1. Schematic diagram of ﬂuoride tesa) Phone A Asus Zenfone with android version of 4.4.2 available at cost
of INR 6299≈ ($ 96);
b) Phone BMoto Gwith android version of 5.0.2 available at cost of INR
12599≈ ($ 190); and
c) Phone C Samsung DUOS with android version of 4.4.2 available at
cost of INR 6290≈ ($ 95).
They represent different capabilities with the camera, ﬂash and
processors. The phones selected are popular models in the Indian mar-
ket and represent the middle range of phones available in the market
presently.2.4. Apparatus to align and lightproof the testing chamber.
Most phones have protective back cases available for them. The test
system devised here uses these back cases to align a test chamber to the
ﬂash and camera of the smartphone. The schematic diagram is present-
ed in Fig. 1. This assembly ensures the correct alignment of the test
chamber with the camera and ﬂash while keeping the test chamber
sealed from outside light. The image of the actual test kit can be seen
below in Image 1.
The drawings, bill of materials and assembly instructions are open
source and available on Github [https://github.com/akvo/caddisﬂy-
hardware-colorimetry].t kit, showing the key components.
Image 1. Fluoride test kit.
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A test chamber is provided in order to make measuring sample
water simpler, automate the dispensing of reagent, and provide a
standard container with a ﬁxed geometry for the color test. The test
chamber is a plastic casing, transparent at one end and with a dispens-
ing mechanism at the other. The dispensing mechanism ensures that
only the precisely required quantity of reagent ismixedwith the sample
water.
The test chamber is designed to keep the reagent and sample solu-
tion in lightproof conditions, and prevent outside light from interfering
with the tests, the only light being provided from the phone ﬂash. The
arrangement ensures that the testing chamber is always at the same
alignment with respect to the camera and ﬂash.2.6. Calibration and smartphone app
Calibration of each phone is necessary because there is signiﬁcant
variation in color sensing between different phones, mainly due to
camera hardware differences.
The calibration process involves analyzing 5 different ﬂuoride stan-
dards. The resulting colors are stored and a linear interpolation is used
to calculate the expected colors in between the calibrated colors.
The smartphone was calibrated by mixing 0.4 ml Orlab Reagent
(zirconium xylenol orange reagent) with 5 ml each of 0.5, 1.0, 1.5 and
2.0 ppm ﬂuoride standard solutions and a reagent blank. RGB values
were measured for blank (No ﬂuoride) as well as for ﬂuoride standards.Table 2
Concentration of ﬂuoride and color.
Concentration
(ppm)
Color value
(R,G,B)
Phone A
Color value
(R,G,B)
Phone B
Color value
(R,G,B)
Phone C
0.0 255,40,173 254,178,225 253,72,233
0.5 255,59,89 254,193,182 253,125,206
0.1 255,68,41 255,217,142 253,149,174
1.5 255,73,13 255,229,107 253,170,161
2.0 255,90,29 254,240,91 254,165,1292.7. Testing with the smartphone app
To measure the ﬂuoride concentration in the sample with the
calibrated kit, the test chamber is rinsed twice with distilled water.
The inner (sample) chamber of the test chamber is then ﬁlled to the
brimwith the sample, and the capsule containing the zirconiumxylenol
orange reagent is placed in the opening of test chamber. The lid is then
screwed onto the test chamber. When the cap is tightened, reagent dis-
penses into the test chamber and reacts with the ﬂuoride in the sample
to produce a colored solution. The reagent immediately reactswithﬂuo-
ride and the color development is instantaneous (Rao et al., 2002). The
smartphone camera then takes ﬁve images, and reads the color from a
50 pixel by 50 pixel square in Red, Green and Blue (RGB) values. The
RGB values of the ﬁve images are compared with the interpolated
color values to obtain the result. The ﬁve results are then averaged to
obtain the ﬁnal concentration.The app Akvo Caddisﬂy was developed in-house by Akvo foundation.
The app was written in the Java programming language for the android
platform. The app compares the color extract from the sample image
against pre-calibrated colors to calculate the result value. Euclidean
distance formula is used to compare the colors.
In addition, the ﬂuoride concentration of a speciﬁc sample is logged
along with the location on a publicly accessible database and map. It is
possible for the user to add more information on the source. The Java
source code for the Android app is available on Github [https://github.
com/akvo/akvo-caddisﬂy].
2.8. Estimation of ﬂuoride using Ion Selective Electrode
A 2 step calibration of Ion Selective Electrode was carried out
by using two ﬂuoride standards of 1 ppm and 10 ppm. 1 ml of TISAB-
III (Thermo Fischer Scientiﬁc, USA)was added to 10ml of each standard
and calibrationwas carried out as per themanual providedwith the ion
meter. TISAB-III preferentiallywill complexwith interfering cations and
releases freeﬂuoride ions (Eaton et al., 2005). Composition of the TISAB-
III is as follows.
1)Deionizedwater (H2O) b) Ammonium chloride (NH4Cl) c)Ammo-
nium Acetate (CH3COONH4) d) CDTA (C14H22N2O8* H2O) e) Cresol Red
(C21H18O5 S).
2.9. Correlating RGB values and ﬂuoride concentration values
The Android app takes a sample of 50 pixels by 50 pixels from the
centre of the photographed image. The RGB values of each pixel are
averaged, and checked for variance. If the image quality is too poor, i.e.
If at least 50% of the pixels do not have the same or almost similar
color then the image is rejected. The hardware apparatus ensures that
uniform color values are obtained by blocking out all ambient light,
preventing interference from air bubbles (by making them ﬂoat above
the “mesh”)and interrupting the test if the test apparatus is moved.
Image rejection could indicate improper usage of the equipment or a
Table 3
The raw data can be accessed at Github [https://gist.github.com/aadvaark/3890fad4ee0670d5b432].
Fluoride concentration (ppm) measured
by Ion Selective Electrode
Fluoride concentration (ppm)
measured by Phone A
Fluoride concentration (ppm)
measured by Phone B
Fluoride concentration (ppm)
measured by Phone C
Standard
deviation
1.29 1.3 1.35 1.37 0.04
0.98 0.92 0.92 0.92 0.03
0.65 0.66 0.58 0.66 0.04
0.65 0.66 0.62 0.64 0.02
1.97 1.98 1.99 1.99 0.01
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below in Table 2:
2.10. Quality assurance and quality control
A series of ﬂuoride standard (0–3 ppm) were measured for three
replicates using the ﬂuoride test kit and it was found to be linear in
the range of 0–2 ppm. To test the repeatability of themethod each ﬂuo-
ride standards were measured 7 times. This method also showed
repeatability of the results with 5% error. This method has 0.1 ppm as
Method quantitation limit; 5% samples are below method quantitation
limit. These samples were retained because 0.1 ppm ﬂuoride makes
little difference in the potability or otherwise of water.
Calibration standards were used for quality control during the mea-
surement of 201 samples. Each sample was measured once with three
different smartphones and twice with Ion Selective Electrode. Some
representative results are presented in the table No. 3. Also the ﬂuoride
standard of 5 ppmpurchased from(HACHUSA)was also used as quality
control.
3. Results
Field samples were collected from dugwells and community hand
pumps. Laboratory samples were prepared by diluting the ﬂuoride
stock solution of 100 ppm with distilled water.
Fluoride concentrations were determined using Ion Selective Elec-
trode as well as three different smartphones based test kit (Akvo
Caddisﬂy), and results are presented in this section.
3.1. Estimation of ﬂuoride using Ion Selective Electrode
Fluoride concentration in water samples, which included ﬁeld as
well as laboratory prepared, ranged from 0.028–10.5 ppm. In the ﬁeld
samples 64% below 1.5, which is safe for drinking purposes as per
WHO Guidelines (World Health Organization, Guidelines for Drinking-
water Quality, Fourth Edition; 2011). Highest ﬂuoride concentration
observed in the ﬁeld sample was 10.5 ppm.
3.2. Fluoride estimation using three different smartphones
The three different phones were calibrated by using ﬂuoride
standard in the range 0–2 ppm. Water samples having ﬂuoride concen-
tration more than 2 ppm are measured by appropriate dilution with
distilled water. Representative results out of 200 samples are given in
Table 3.Table 4
Bivariate correlations among F_ISE1, F_PHONEA, F_PHONEB and F_PHONEC.
F_ISE_1 F_ISE_2 F_PHONEA F_PHONEB F_PHONEC
F_ISE_1 1.000⁎ 0.9972⁎ 0.9970⁎ 0.9952⁎
F_ISE_2 0.9973⁎ 0.9970⁎ 0.9953⁎
F_PHONEA 0.9982⁎ 0.9969⁎
F_PHONEB 0.9968⁎
F_PHONEC
⁎ refers at p b 0.001 using Pearson correlation coefﬁcient.3.3. Comparison between Ion Selective Electrode and Akvo Caddisﬂy
The ﬂuoride test kit showed results comparable with the Ion Selec-
tive Electrode. Below is a table comparing the two methods of ﬂuoride
analysis using representative samples from the 200 sample tests.
(Table 3).
The data in this report include four variables of reporting ﬂuoride
concentration for 201 samples measured simultaneously with four de-
vices - ISE, and three mobile devices - Asus Zenfone C (Phone A),
Moto G (Phone B), and the Samsung DUOS (Phone C).
Two measurements were made per sample using the Ion Selective
Electrode; these are denoted by F_ISE_1 and F_ISE_2. F_ISE_AVG is the
average of reported ﬂuoride concentration from ISE. F_PHONEA,
F_PHONEB, and F_PHONEC are the reported ﬂuoride measurement
with theAsus Zenfone C,MotoG, and SamsungDUOSmobile devices re-
spectively. First, we look at the correlation among reported measure-
ments from ISE and mobile devices. (Table 4).
We observed that a signiﬁcant positive correlation between ISEwith
Phones A, B and C ranged from0.9952 to 1.0 indicating an equivalent ac-
curacy in measuring ﬂuoride concentration in water samples between
the ISE and Phones and A, B and C.
In addition, we want to determine whether measurements from
mobile devices are different from the reported value from ISE. That is,
if we calculate difference for device i as di=F_ISE_AVG−F_Devicei,
then we should test the following hypotheses:
H0. μd = 0 (The mean of the difference is zero)
i.e. there is no difference in the reported Flouridemeasurement from ISE
and the mobile device.
Ha. μd ≠ 0 (The mean of the difference is not zero)
i.e. there is no difference in the reported Flouridemeasurement from ISE
and the mobile device. (Table 5).
In this output, it can be seen that the sample mean of the difference
for Phone A-1 is 0.0578, with a standard deviation of the differences
given by 0.1280. The mean difference in Phone A was signiﬁcantly dif-
ferent from ISE explains that Phone A ﬂuoride measurement was not
comparable to ISE measurements. However, there were no signiﬁcant
difference in the mean ﬂuoride values for Phone B and C with the ISE.
Overall results show that the apparatus can provide ﬂuoride
measurements with Phone B and PHONE C that are comparable to
that of ISE.Table 5
Themean ﬂuoride concentration in ppm asmeasured by ISE, Phone A, Phone B and Phone C.
Average
ISE
Phone A Phone B Phone C
Mean 1.5073 1.4495* 1.4989 1.4829
SD 1.6162 1.5827 1.6366 1.5914
Difference (di) 0.0578 (0.1280) 0.0084 (0.1284) 0.0243 (0.1587)
Difference reported as mean (SD).
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value from the mobile device value. The model is:
FISEAVG ¼ αi þ βi FDevicei þ ε:
Using the regression result, β for all devices are signiﬁcant and R2 are
expected to be close to 1. In the current study, we observed that R2
values are 0.995, 0.994 and 0.991 for Phone A, Phone B and Phone C
respectively. Greater R2 values implies that devices predicts the ﬂuoride
measurement closed to ISE values.
.
.
.
Regression equation for Asus: y = 0.976×− 0.022
Regression equation for Moto G: y = 1.01×− 0.023
Regression equation for Samsung: y = 0.98× + 5.909E-3.
4. Discussion
In the present study, we found that the measuring ﬂuoride using
Phone B and Phone C was comparable to the ISE, which indicates that
Akvo Caddisﬂy can be used for accurate, reliable analysis of drinking
water for ﬂuoride. However, Phone A was not comparable with ISE
with a mean difference of 0.05 ppm. Although this difference of
0.05 ppm (for Phone A) was statistically signiﬁcant, the authors feel
that this makes a negligible difference while evaluating water for
potability.There are few limitations to the BARCmethod such as it is difﬁcult to
measure ﬂuoride by comparing the color with visual judgment and also
It is difﬁcult to take appropriate quantity of sample and reagent in the
ﬁeld for ﬂuoride analysis. If the water sample is turbid or colored then
the sample needs to be ﬁltered before analysis.
Chlorine has to be removed from samples before analysis as the
presence of chlorine shows a false positive reading. Chlorine interfer-
ence is removed by adding 0.5% sodium arsenite solution, 1 drop per
0.1 mg of chlorine. The samples used in this study were not chlorinated
as they were taken from dugwells and handpumps.
To avoid cross-contamination, the test chamber needs to be rinsed
twice with distilled water. Test chamber and camera should be wiped
with tissue paper before analysis to remove dust particles and water
droplets present on them. Water samples should be collected in plastic
bottleswith airtight lid to avoidwater evaporation and should be stored
at room temperature.
The image analysis method is strongly dependent on the quality of
the images generated by the smartphone camera. If the color of the im-
ages vary signiﬁcantly for the same sample, often the phone has to be
rejected due to poor hardware. Consequently, we have a white list of
phones that work best with our kit hardware (reference: https://
github.com/akvo/akvo-caddisﬂy/wiki/Phones).
Another possible limitation of the image analysis method is that a
linear interpolation of RGB values between the calibrated pointsmay re-
sult in small inaccuracies in the ﬁnal result. However, these errors are
considered to be insigniﬁcant for this level of ﬁeld testing.
The results from the testingwith laboratory prepared and ﬁeld sam-
ple indicate this method is an alternative for testing for ﬂuoride in
groundwater and treated water for drinking.
5. Conclusion
The analytical method for measurement of ﬂuoride with smartphone
is presented here. Commercially available reagent and its adaptability
with smartphone provides rapid, portable, easy to use and accurate way
of ﬂuoride measurement of water samples. Because of portability and
low cost this method gives easy access of monitoring of ﬂuoride in drink-
ing water in remote areas.
This test kit consists of a smartphone, ﬁlled reagent capsules, test
chamber and distilled water. With the use of smartphone, it is possible
for anyone to monitor ﬂuoride in drinking water periodically. By utiliz-
ing commercially available reagent and adapting a smartphone as color-
imeter we have introduced a new method for the determination of
ﬂuoride in water samples. Data obtained can be easily communicated
across the society viamap.
Fluoride reacts with the reagent causing an instantaneous color
change from pink to yellow as ﬂuoride concentration increases from 0
to 2 ppm. The ﬂuoride measurement can be done within a minute.
The apparatus described is inexpensive and fairly easy to create. Draw-
ings, assembly instructions and the bill of materials (BOM) are made
available as open source as mentioned above. On a commercial scale,
the authors estimate that each test would cost around Rs. 20 ($ 0.3 at
the time of writing), with the following assumptions. Rs. 3 ($0.05) for re-
agent, Rs. 8 ($0.12) for the dispensing mechanism, Rs. 1($0.02) for ﬁlling
and assembly, and Rs. 8 ($0.12) for packaging and distribution.
The results obtained from this test kit are comparable with expen-
sive laboratory Ion Selective Electrode method. Reagent capsules and
test chamber are inexpensive and compact, and smartphones are porta-
ble and battery powered. Smartphones comes with GPS which allows
for easy monitoring and mapping of ﬂuoride in water samples. It can
be also used to test efﬁcacy of the household and community ﬂuoride
removal ﬁlters.
The current reagent is sensitive for measuring the ﬂuoride range
from 0 to 2 ppm. Fluoride measurement of water sample greater
than 2 ppm needs dilution. It is difﬁcult to obtain accurate reading
while doing dilution in the ﬁeld. In further studies it is possible
107S. Levin et al. / Science of the Total Environment 551–552 (2016) 101–107to use commercially available high range ﬂuoride reagent (BARC
L-TEK) to develop ﬂuoride measurement method for high range
samples.
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